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Abstrat
We study the dnamis of small magneti antilevers, either made from Si overed by a mag-
neti lm or entirely ferromagneti ones. The magnetomehanial torques are found to ause line
splittings in ferromagneti resonane spetra and magnetization reversal failitated by mehanial
degrees of freedom. We show that the magnetomehanial torques an extend the limits of detet-
ing and exiting motion at the nanosale. A "nanomotor" desribed here eetively transforms
rf magneti elds into mehanial osillations. We furthermore propose to integrate mehanial
osillators into magnetoeletroni devies that make use of urrent-indued spin-transfer torques.
This opens new possibilities for eletri transduers of nanomehanial motion.
PACS numbers:
1
I. INTRODUCTION
Miro- and nanoeletromehanial systems (NEMS)
1,2
allow nanosale ontrol over as
small sensors with spatial resolution on an atomi sale
3
operating at frequenies in the
GHz range.
4
NEMS detetion of extremely small fores orresponding to biomoleular
interations
5
and mass hanges orresponding to single moleules
6
have been reported. Ef-
forts have been made to merge the eld of nanomehanis with that of nanosale mag-
netism. The suess in the detetion of a single eletron spin by magneti resonane is a
good example.
7
A nulear spin sensor that is based on imposing a oherent motion on nulear
spins has been proposed.
8
Here we fous on the possibilities provided by the oupled motion
of the strain eld of a antilever and the magnetization of a ferromagnet.
9,10
Magnetization
reversal in small magneti lusters
11
is usually realized by external magneti elds
12,13,14,15
or
polarized spin urrents employing spin-transfer torques.
16,17,18,19,20,21,22,23
Along alternative
mehanisms to swith the magnetization suh as employing antiferromagnets
24
and time-
dependent magneti elds
25
, we suggest the eet of mehanially assisted magnetization
reversal.
10
The fastest mehanial devie reported in the literature is operated with the help
of magnetomotive fores at GHz frequenies.
4
We propose to atuate suh systems by de-
magnetizing urrents that provide oupling between the mehanial and the magnetization
motion most eiently in the GHz range. Coupling of the magnetization motion to an ele-
tri iruit via spin-transfer torques and magnetoresistane then opens the possibility of high
frequeny transduers of nanomehanial motion. In this paper, we report onsequenes for
the magnetovibrational oupling suh as splitting of the ferromagneti resonane (FMR)
spetrum and magnetization reversal failitated by the mehanial degrees of freedom. We
argue that a predominantly ferromagneti antilever provides stronger oupling and, when
integrated into a magnetoeletroni iruit, oers new funtionalities for both mehanial
and magneti devies. Some preliminary results have been reported already.
9,10
The paper is organized as follows. In Se. II, we desribe our system, the magneti
antilever, and derive a set of equations desribing magnetomehanial motion. In Se. III,
we solve these equations in the limit of small magnetization osillations, nding a splitting
of FMR spetra for the resonantly oupled mode. In Se. IV, we propose a urrent-indued
magneti resonane tehnique in spin valves and demonstrate that magnetovibrational modes
an be deteted by this method. Finally, in Se. V, we analyze large magnetization os-
2
illations in the presene of magnetovibrational ouplings and demonstrate magnetization
reversal assisted by the mehanial degrees of freedom.
II. SYSTEM
We onsider rst a small dieletri antilever with a single-domain ferromagneti layer
deposited on its far end (see Fig. 1). A onstant external eld H0 is applied along the z
axis. In setion 3, we also inlude an osillating eld H
y
along the y axis to pump and probe
the system. The eetive eld Heff felt by the magnetization onsists of H0 as well as the
rystal anisotropy and the demagnetizing elds. The strains are loalized in the mehanial
link of the antilever between the ferromagneti lm at one end and the other end that is
xed. The lattie of the ferromagnet then osillates without internal mehanial strains,
but rystalline and form anisotropies ouple the magneti order parameter to the torsional
mode of the antilever.
Our setup onsists of two weakly interating subsystems - the magneti and the mehan-
ial. It is then useful to rst study the two subsystems separately.
A. Magnetization motion in a single-domain ferromagnet
The magnetization M of the ferromagnet preesses around an eetive magneti eld
Heff aording to the Landau-Lifshitz-Gilbert equation:
26
dM
dt
= −γM×Heff + α
M
s
M× dM
dt
, (1)
where γ denotes the gyromagneti ratio. The phenomenologial Gilbert onstant is typially
α . 0.01 for metalli and α . 0.00001 for insulating ferromagnets. The eetive eld is
given by the funtional derivative of the free energy of the system, that is of the form (in
the lowest order in magnetizations in some speially hosen referene frame)
Emg =
1
2
DxM
2
x +
1
2
DyM
2
y +
1
2
DzM
2
z −MH0, (2)
where Dx, Dy and Dz desribe the anisotropy of the magnetization along the Cartesian
axes x, y and z, inluding demagnetizing eets and rystalline anisotropy. The assoiated
eetive eld is given by Heff = H0 −DxMxx−DyMyy −DzMzz.
3
B. Small magnetization osillations and dependene of FMR broadening on shape
and rystal anisotropies
To rst order, the deviations from the equilibrium magnetization in the z-diretion lie in
the x−y plane: M = m
x
x+m
y
z+M
s
z, where M
s
is the saturation magneti moment. The
magneti suseptibilities χ
yy
(ω) = (m
y
/H
y
)ω and χyx(ω) = (my/Hx)ω desribe the linear
response of the magnetization m
y
to a (weak) rf magneti eld H
y
(H
x
) at frequeny ω and
an be found after linearizing the LLG equation in frequeny spae:
χ
yy
(ω) =
γ2M
s
(H0 + (Dx −Dz)Ms)
ω2 − (1 + α2)ω2
m
+ iαω(2H0 + (Dx +Dy − 2Dz)Ms) , (3)
χ
yx
(ω) =
iωγM
s
ω2 − (1 + α2)ω2
m
+ iαω(2H0 + (Dx +Dy − 2Dz)Ms) , (4)
where ω2
m
= (H0 + (Dx − Dz)Ms)(H0 + (Dy − Dz)Ms) is the FMR resonant frequeny.
Note that the FMR damping has to be renormalized in the presene of anisotropies. The
broadening of the FMR lineshape is
α′ = α
(H0/Ms + (Dx +Dy)/2−Dz)√
(H0/Ms +Dx −Dz)(H0/Ms +Dy −Dz)
Let us onsider an ellipsoid with the semi-axes a and b = c. For small rystalline
anisotropies the anisotropy fators are dened by shape anisotropies
Dx =
4pi
m2−1
[
m
2
√
m2−1 ln(
m+
√
m2−1
m−√m2−1)− 1
]
m≪1≈ 4π − 2πm,
Dy = Dz =
2pim
m2−1
[
m− 1
2
√
m2−1 ln(
m+
√
m2−1
m−√m2−1)
]
m≪1≈ πm,
(5)
where m = a/c. The dependene of FMR broadening on the aspet ratio m is plotted in
Fig. 2.
C. Nonlinear magnetization osillations
Without Gilbert damping the dynamis of the magnetization an be analyzed analyti-
ally for dierent magneti anisotropies
27
. We present here solutions for the easy plane
anisotropy when Dy = Dz = 0 and H0 = H0z whih is relevant for Setion 4. Without the
4
Gilbert damping but inluding the anisotropy fator Dx the LLG equations read
dMx
dt
= −γMyH0
dMy
dt
= γMxH0 + γDxMzMx
dMz
dt
= γDxMyMx
(6)
The x−omponent of the magnetization then obeys
M¨x = −(H20 −DxEmg)γ2Mx −
γ2
2
D2xM
3
x (7)
where the energy Emg = −H0Mz +DxM2x/2 is onstant when there is no Gilbert damping.
This equation desribes a so-alled Dung osillator, one of the rare examples of a
non-linear dynami systems that an be solved analytially. The potential energy of the
osillator has two minima. As a result, one an observe eets like periodi motion entered
at one of those minima that with inreasing energy suddenly doubles its period. When a
periodi external fore is applied to suh an osillator, the system may arry out jumps
between minima leading to stohasti motion in time. Dung's equation
x¨− kx+ 2λx3 = 0 (8)
an be integrated at one to give the rst integral:
x˙2 − kx2 + λx4 = Z , (9)
where Z is the energy of the Dung osillator. By omparing Eqs. (6,7) to Eqs. (8,9) we
obtain that Z = γ2(M2H20 − E2mg), k = γ2(DxEmg − H20 ) and λ = γ2D2x/4. The energy
minima of the Dung osillator therefore orrespond to the energy maxima in our system.
One an distinguish three dierent types of solutions.
1. Z < 0. Small amplitude solutions when motion is at energies lose to an energy
minimum (in Fig. 3 it orresponds to two small irles and Emg > 1, the magnetization
osillates lose to the perpendiular to the lm diretion). We express the solutions in terms
of Jaobi ellipti funtions dn:
x =
√
k
λ(2− v2)dn
(√
k
λ(2− v2)t, v
)
(10)
where v an be found from Z = − k2(1−v2)
4λ(1−v2/2)2 .
5
2. Z = 0 orresponds to the separatrix (in Fig. 3 it is the longest possible trajetory in
a shape of a bent "8"). Here the Jaobi funtions degenerate to hyperboli funtion ch:
x = ±
√
k
λ
1
ch(kt)
(11)
3. Z > 0 (in Fig. 3 it orresponds to bent elliptial trajetories and Emg < 1, the
magnetization trajetories are squeezed in the perpendiular to the lm diretion). Large
amplitude solutions via the Jaobi funtions cn:
x =
√
k
λ(2v2 − 1)v cn
(√
k
λ(2v2 − 1)t, v
)
(12)
where Z = −k2v2(1−v2)
λ(2v2−1)2 .
The analytial solution in our ase an be written for the entire parameter spae with
the exeption of the separatrix by a single formula as follows:
Mx =
√−2p−dn
(
tγ
√
−p−/2, 1− p+/p−
)
p
−
≪p+≈ √−2p− cos(t
√
p+/2) (13)
My = − M˙xγH0 , Mz =
DxM2x−2Emg
2H0
, (14)
where p± = H20 − DxEmg ± H0
√
H20 − 2DxEmg +D2xM2s . When Dx > 0 this leads to the
trajetories and osillation periods depited in Fig. 3. The motion is periodi with time
periods that an be expressed by ellipti integrals K as
T1 = 4
√
2K (p−/p+) /
(
γ
√
p+
) p
−
≪p+≈ 2π√2/p+; Emg < MH0
T2 = 2
√
2K (1− p+/p−) / (γ√−p−)
|p
−
−p+|≪|p−|≈ π√−2/p−. Emg > MH0 (15)
The variation of the periodiity has important onsequene for the oupling to the lattie in
the regime of large magnetization osillations as explained below.
D. Cantilever osillations and oupled magneto-mehanial equations
Throughout this paper, we assume that the torsional osillations of the antilever are
small. The torsional motion of the part of the antilever that is not overed by the ferro-
magnet an be found by applying the variational priniple to the total elasti energy:
28
Eel =
1
2
∫ L
0
Cτ 2dy, (16)
6
where τ = ∂ϕ/dy and C is an elasti onstant dened by the shape and material of the
antilever (C = 1
3
µda3 for a plate with thikness a muh smaller than width d, a ≪ d, µ
is the Lame´ onstant). T = Cτ (y) is the torque owing through the antilever at point y.
The integration is taken from the lamping point y = 0 until the antilever endpoint y = L.
The equation of motion reads
C
∂2ϕ
∂y2
= ρI
∂2ϕ
∂t2
+ 2βρI
∂ϕ
∂t
, (17)
where I =
∫
(z2 + x2)dzdx ≃ ad3/12 is the moment of inertia of the ross-setion about its
enter of mass, ρ the mass density, and β is a phenomenologial damping onstant related
to the quality fator Q at the resonane frequeny ω
e
as Q = ω
e
/(2β) (at 1 GHz Q ∼ 500).4
Note that ω
e
an be also a higher harmoni resonane frequeny in what follows. The
osillating solution has the form ϕ = sin(ky)(A1 sin(ωt) +A2 cos(ωt)), where k = (ω+ iβ)/c
is the wave number, c = c
t
2h/d =
√
C/(ρI) and c
t
=
√
µ/ρ is the transverse veloity
of sound. The free onstants A1 and A2 depend on the initial onditions. The boundary
ondition ϕ|y=0 = 0 at the lamping point is already fullled, and the boundary ondition
at the end y = L is disussed in the following.
Combining Eqs. (2,16) and taking into aount the smallness of the magnet ∆L≪ L we
an write the free energy of the antilever oupled to the magnetization:
F = V (−MH0 + Dx
2
[Mx +Mzϕ(L)]
2 +
Dz
2
[Mz −Mxϕ(L)]2 +
DyM
2
y
2
) +
C
2
∫ L
0
τ 2dy. (18)
Eq. (18) demonstrates that magneto-mehanial oupling is only possible when the fators
Dx or Dz are non-zero (the anisotropy fator Dy does not ontribute to the oupling sine
our mehanial motion is rotationally invariant with respet to the axis y and one needs
anisotropies Dx and Dz to break the invarane). For small ϕ = ϕ(L), where ϕ(y) is the
torsion angle at position y of the antilever, the eetive eld Heff = − ∂F∂M is
Heff = (DxMzϕ−DxMx)x +DxMxϕz− (DzMxϕ+DzMz)z−DzMzϕx−DyMy +H0
where Dx, Dy and Dz desribe the anisotropies (Dx ≃ 4π for a thin lm without rys-
tal anisotropies). The equation of motion of the magnetization M in the presene of the
mehanial degree of freedom then reads
dM
dt
= −γM×Heff + α
M
s
M×
(
dM
dt
)
ant
, (19)
7
where the derivative
(
dM
dt
)
ant
= dM
dt
+ dϕ
dt
(−Mzx+Mxz) is taken in the referene system of the
antilever sine the magnetization damping is aused by interations of the magnetization
with the bulk of the antilever.
By applying the variational priniple to Eq. (18) we obtain Eq. (17) and the seond
boundary ondition for its solutions. The magnetovibrational oupling an then be treated
as a boundary ondition to the mehanial problem, whih is expressed as the torque Cτ |y=L
exerted by the magnetization on the edge of the antilever:
Cτ |y=L = 1
γ
(
dM
dt
+ γM×H0
)
|y, (20)
This boundary ondition is equivalent to the onservation law of the mehanial angular
momentum written for the tip of the antilever. Let us introdue an angular momentum
Vel(y) for a thin slie at point y ∈ {0, L} (without magneti overlayer), then the onservation
law is dVel (y) /dt = T (y) , where T(y) is the torque owing into the slie. This equation is
modied by the oupling to the magnet in a region y ∈ {L, L+∆L} (∆L is the length of
the antilever overed by the magneti layer) as:
d
dt
(
Vel (L) + (−1
γ
)M (L) V
)
= T (L) +T
eld
. (21)
where T
eld
= VM × H0, V is the volume of the magnet and T(y)|y = −Cτ (y). When
∆L≪ L, internal strains in the magneti setion may be disregarded and the magnetization
torque an be treated as a boundary ondition Eq. (20).
The oupling of Eqs. (1) and (17) an be made expliit:
∂ϕ/dy|y=L = 1Cγ
(
dM
y
dt
+ γM×H0
)
Heff = (DxMzϕ−DxMx)x +DxMxϕz− (DzMxϕ+DzMz)z−DzMzϕx−DyMy +H0
(22)
E. Entirely ferromagneti antilever
It is straightforward to generalize the free energy Eq. (18) to the ase when the whole
antilever is overed by a ferromagneti lm or when the whole antilever is ferromagneti.
The free energy then has the form:
F = V (−MH0 + Dx
2
[Mx +Mzϕ¯]
2 +
Dz
2
[Mz −Mxϕ¯]2 +
DyM
2
y
2
) +
C
2
∫ L
0
τ 2dy (23)
8
where ϕ¯ = 1
L
∫ L
0
ϕ(y)dy is the average angle of torsion. In this ase the system of the
magnetomehanial equations beomes:
dM
dt
= −γM×Heff + αM
s
M× (dM
dt
)
ant
C ∂
2ϕ
∂y2
= ρI ∂
2ϕ
∂t2
+ S
γ
(
dM
y
dt
+ γM×H0
)
+ 2βρI ∂ϕ
∂t
C∂ϕ/dx|x=L = 0
Heff = (DxMzϕ¯−DxMx)x +DxMxϕ¯z− (DzMxϕ¯+DzMz)z−DzMzϕ¯x−DyMy +H0
(24)
The oupling an be muh more eient in the latter as ompared to the former system
sine the volume of the magnet is larger. The disadvantage is that the form anisotropy wants
to align the magnetization along the antilever making the subsystems unoupled. Another
disadvantage, the possibility of spin wave exitations, is disussed in the next setion.
III. SMALL MAGNETIZATION OSCILLATIONS
A. Magnet at the tip of antilever
To rst order, the deviations from the equilibrium magnetization in the z-diretion
lie in the x − y plane: M = m
x
x + m
y
y + M
s
z, where M
s
is the saturation magneti
moment (see Fig. 1). For small ϕ, the eetive eld osillates in the x − y plane:
Heff = (DxMsϕ − DxMx)x + DxMxϕz − (DzMxϕ + DzMs)z − DzMsϕx − DyMy + H0,
(Dx ≃ 4π for a thin lm without rystal anisotropy). Note that the oupling does not rely
on a strong magnetorystalline eld, sine the surfae fores of demagnetizing urrents also
provide a restoring torque. For a thin ferromagneti layer the latter dominates and the
magnetization does not preess, but osillates like a pendulum in the y− z plane due to the
osillating eld in the x-diretion Heff = DxMsϕx.
By using Eq. (20) with the substitution of ϕ in τ , Cτ |y=L = Ck cos(kL)(A1 sin(ωt) +
A2 cos(ωt)) = Ckϕ cot(kL), we obtain in frequeny spae and to rst order in the magneti-
zation osillations:
Ckϕ cot(kL) =
V
γ
(−iωm
y
− γH0mx) (25)
≈ −Cϕ L
2c2
(ω2 + 2iβω − ω2
e
), (26)
where in the seond line the cot has been expanded lose to the resonane frequeny ω
e
=
9
cπ(1/2 + s)/L ( s is integer, here we onentrate mainly on oupling to the rst harmoni
and s = 0).
The magneti suseptibilities χ
yy
(ω) = (m
y
/H
y
)ω and χyx(ω) = (my/Hx)ω desribe the
linear response of the magnetization m
y
to a (weak) rf magneti eld H
y
(H
x
) at frequeny
ω. Generalization of Eqs (3,4) in the presene of magneto-vibrational oupling an be found
after writing LLG equation in frequeny spae with use of Eq. (25), and taking into aount
smallness of the Gilbert damping α:
χ
yy
(ω) =
γ2M2
s
(Dx −Dz +H0(1− g tan(kL))/Ms)
ω2 − ω2
m
+ 2iα′ωω
m
+ [ω2 −H0(H0 + (Dy −Dz)Ms)] g tan(kL) (27)
χ
yx
(ω) =
iωγM
s
ω2 − ω2
m
+ 2iα′ωω
m
+ [ω2 −H0(H0 + (Dy −Dz)Ms)] g tan(kL) (28)
where g = M2
s
V (Dx−Dz)c2/ (CLω2
e
) = (2/π)2(Dx−Dz)(L/a)2(V/Vc)(M2
s
/µ) is the magne-
tovibrational oupling onstant (V and Vc are the volumes of the magnet and the antilever
respetively) and the unperturbed resonane frequeny ω2
m
= (H0 + (Dx − Dz)Ms)(H0 +
(Dy−Dz)Ms). Note that the oupling onstant is dened by the material parameters in the
term M2
s
/µ, by the geometry in the term (L/a)2(V/Vc) and by both the geometry and the
material parameters in the term (Dx −Dz). The imaginary part of χ
yy
(ω) is proportional
to the FMR absorption signal.
When the antilever with the magnet is subjeted to the rf magneti eld, the mag-
netomehanial torques indue a mehanial motion. In eet we have then onstruted a
nano-sale motor that transforms the magneti eld osillations into mehanial motion with
amplitudes that are given by the suseptibility χϕy(ω) = (ϕ/Hy)ω . The latter follows from
the LLG equation in frequeny spae using Eq. (25), and taking into aount the smallness
of the Gilbert damping α:
χϕy(ω) =
iωg tan(kL)
ω2 − ω2m + 2iα′ωωm + [ω2 −H0(H0 + (Dy −Dz)Ms)] g tan(kL)
(29)
In the absene of the external eld H0 the resonane frequenies in the viinity of the
resonane frequeny ω
e
an be found after expanding cot(kL) as in Eq. (26):
ω1(2) =
√
1
2
[
ω2
e
+ ω2m + gω
2
e
± (((ω
e
+ ωm)
2 + gω2
e
)((ω
e
− ω
m
)2 + gω2
e
)
)1/2]1/2
. (30)
When the external eld H0 is smaller than the demagnetizing eld, Eq. (30) holds with
ω2
m
= (H0 + (Dx − Dz)Ms)(H0 + (Dy − Dz)Ms). This fat an be used to tune the FMR
10
frequeny in order to math the elasti frequeny. In this limit of strong shape anisotropy
(for example a thin ferromagneti lm with Dx ∼ 4π) and when H0G/(Msβω2
e
) ≪ 1, Eqs.
(27,29) simplify to
χ
yy
(ω) ≈ γ
2M2
s
(Dx −Dz)
ω2 − ω2
m
+ 2iα′ωω
m
+ ω2g tan(kL)
, (31)
χϕy(ω) ≈
iωg tan(kL)
ω2 − ω2
m
+ 2iα′ωω
m
+ ω2g tan(kL)
. (32)
Imaginary part of χ
yy
(ω) orresponding to the rf absorption is plotted in Fig. 5. We observe
a typial antirossing behavior between an optially ative and non-ative mode, with level
repulsion and transfer of osillator strength. The intrinsi damping of the mehanial system
(for MEMS Q fators an reah 104, whih quikly deteriorate with dereasing size, however)
imposes an extra damping on the magnetization dynamis, whih lose to the mode rossing
may dominate the intrinsi damping due to a small Gilbert onstant α. In ase β/ω > α′
the damping growth when we move from purely magneti motion into purely mehanial
motion along one of the lines in Fig. 4. In ase β/ω < α′ the damping diminishes along
suh line.
The amplitude of mehanial osillations along one of the spetrum lines in Fig. 4 is
plotted in Fig. 6. The eieny of the nanomotor is maximal at resonane.
B. Ferromagneti antilever
Eq. (24) desribes magnetomehanial dynamis for a ferromagneti antilever or a di-
eletri antilever overed by a ferromagnet in the whole. The LLG equation is exatly the
same as in ase of previous subsetions apart from the fat that the torsion angle should be
averaged over the antilever. Following Eq. (24) and for frequenies lose to the mehanial
resonane, the oupling an be written in Fourier spae as follows
−Cϕ¯ L
2c2
(ω2 + 2iβω − ω2
e
) =
Vc
2γ
(−iωm
y
− γH0mx) (33)
This result is idential to the expansion in Eqs. (25,26) after substituting Vc/2 by V . In the
expression for the oupling onstant g in Eqs (27,28) we have V/Vc = 1/2. The oupling
onstant is thus inreased in omparison to the ase of a small magnet at the tip of the
antilever in whih V/Vc ≪ 1.
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The density of a metalli single rystal antilever (Fe) is higher ρ ∼ 8000 kg/m3 and the
Lame´ onstant µ ∼ 100GPa29 is of the same order as for Si. Consequently, the metalli
antilever has to be smaller in order to have the same resonane frequeny with the Si
antilever. Most importantly, we have to fulll the ondition H0 > DzMs that fores the
equilibrium magnetization diretion along the z−axis (alignment with the y−axis would
result in zero oupling). This ondition an be easily fullled in our geometry by not too
strong magneti elds sine the largest demagnetizing fator is Dx.
It follows from Eqs. (27,28) that a ferromagneti antilever is more suitable for obser-
vating the magneto-mehanially oupled modes sine the oupling strength is larger by the
fator Vc/2V ompared to the system with a small magnet at the tip of the antilever. Close
to the mehanial resonane frequeny both systems will behave identially.
C. Observation
The magnetovibrational oupling in our antilever is observable by FMR and alorimetri
tehniques,
30
but the signal of nanosale magnets is small. It might therefore be preferable
to detet the resonane by the stati deetion of the same antilever due to an additional
onstant magneti eldHT along the x-axis, as desribed by Lohndorf et al.
31
. In our approx-
imation the eld H
T
reates a torque γM
y
H
T
~x, whose modulation at the FMR onditions
should be detetable.
Sine the vibrational frequenies of state-of-the-art artiial strutures are relatively low,
the use of soft ferromagnets (suh as permalloy), is advantageous. The magneti mode
frequenies are then determined by shape anisotropies. The FMR frequeny and the me-
hanial resonane frequeny should not dier by muh more than ∆ω ∼ ω√g for a pro-
nouned eet. A Si antilever with a × d × L = (1× 5× 50)µm (C = 10−13Nm2) has
a torsional resonane frequeny of the order of ω
e
= 10 MHz. Taking our ferromagneti
layer of dimensions a1× d×∆L = 50nm× 5µm× 5µm (thikness, width and length), then
ω
√
g ∼ 100 KHz, meaning that we should tune the magneti resonane to ω
e
± 100 KHz
to observe the polariton. The neessary rf eld H
x
depends on the visous dampings of
mehanial and magnetization motion. At low frequenies additional soures of damping
ompliate measurements
32
and the oherent motion of the magnetization an be hindered
by domain formation. Coupling to higher resonane modes
33
or struturing of the ferromag-
12
net may help to arry out measurements.
An atual observation of the predited splittings would give information about e.g. the
magneti moment of the lm and the broadening would yield the quality fator of the
elasti motion. From a tehnologial point of view the tunable damping due to the magne-
tovibrational oupling might be interesting for optimizing swithing speeds. A ferromagnet
eetively absorbs mirowaves and turns them into a preessing magnetization, whih via
the magnetovibrational oupling an be transformed into a oherent mehanial motion.
On the other hand, the ferromagnet may interat with the mehanial motion, to ause a
magnetization preession, whih in turn emits polarized mirowaves. The emission in the
oupled regime is more energy eient in omparison with a xed magneti dipole emission
in the ase of small Gilbert onstant but relatively low mehanial quality fator. This might
be interesting for e.g. on-hip ommuniation appliations.
In this setion we have alulated the magneti suseptibility of a system with magne-
tovibrational oupling by magnetorystalline elds or via surfae fores of demagnetizing
urrents. A ondition for eetive energy transfer from an external rf magneti eld into
mehanial motion and vie versa has been established. FMR spetra are predited to split
lose to the resonane, and to strongly depend on the mehanial damping. The predited
eets should be observable with existing tehnology, but a further redution of system size
would strongly enhane them.
IV. PROBING MAGNETIZATION DYNAMICS BY SPIN-TRANSFER
TORQUES
Mirowave elds are a perfet tool for probing magnetization dynamis, e.g. by FMR.
However, with shrinking size of the magnets suh methods beome inreasingly diult
sine the power absorbed by the magnet beomes very small. In this setion, we propose
a method to probe the magnetization dynamis in whih the role of the mirowave eld is
taken over by spin-transfer torques. By driving an AC urrent through F|N|F spin valve
strutures with xed and free layer magnetizations that are anted with respet to eah
other, we an exite the free layer motion (Fig. 7) (exitation of the magnetization motion
by DC urrents has already been realized
38
) . The magnetization dynamis should in turn
inuene the resistane of the devie that an be measured. When the magneti layer has
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a mehanially ative extension, as in Fig. 7, we an also detet the magneto-vibrational
mode.
A. Eletrial detetion of FMR
We onsider here F1|N|F2 multilayer strutures with perpendiular magnetizations m1
and m2 assuming m2 xed by anisotropies or exhange biasing. An AC urrent exerts an
osillating torque τ 1 on the magnetization m1:
34
τ 1
I0
=
~
2e
1 +R↑↓/R1 − βP1/P2
(1 +R↑↓/R1)(1 +R↑↓/R2)− β2
(34)
with β = cos θ, 4R1(2) = 1/G1(2)↑ + 1/G1(2)↓ − 2R↑↓, 4R1(2)− = 1/G1(2)↑ − 1/G1(2)↓,
P1(2) = R1(2)−/R1(2), and 2R↑↓ = 1/Gr1↑↓ + 1/G
r
2↑↓, where G1(2)↑ and G1(2)↓ are ondu-
tanes of the left (right) ferromagnet inluding the left (right) normal layer, Gr1↑↓ and G
r
2↑↓
are mixing ondutanes of the middle normal metal with adjaent ferromagnet interfaes.
The resulting magnetization dynamis auses osillations of the resistane of the multilayer
struture aording to
34
ℜ(θ) = R +R1 +R2 − R↑↓(R1− + βR2−)
2 + (1− β2)(R21−R2 +R22−(R1 +R↑↓))
(R↑↓ +R1)(R↑↓ +R2)− β2R1R2
. (35)
In the following, we onsider only small deviations of m1 from the perpendiular to m2
diretion. All the equations an then be rewritten keeping only the leading terms with
respet to small β. The torque τ 1 is proportional to the urrent I0 in this approximation:
τ 1 = I0
~
2e
1 +R↑↓/R1
(1 +R↑↓/R1)(1 +R↑↓/R2)
= V |M×Hx| (36)
where we dened an eetive rf eld Hx along the axis x that reates the same torque as
the osillating AC urrent. Thus the response funtion (m
y
/I0)ω = Kχyx(ω) with
KM
s
V =
~
2e
1 +R↑↓/R1
(1 +R↑↓/R1)(1 +R↑↓/R2)
, (37)
and the suseptibility an be found from Eq. (4). To the rst order in the mehanial
damping onstant β we an write the dynamial impedane as:
Z(ω) = R+R1 +R2 −
R↑↓(R21− + 2I0Kχyx(ω)R2−R1−) + (R
2
1−R2 +R
2
2−(R1 +R↑↓))
(R↑↓ +R1)(R↑↓ +R2)
. (38)
|Z(ω)| normalized by the resistane of the loked perpendiular magnetizations is plotted in
Fig. 8. The parameters of the spin valve are the same with the symmetri setup of ref.
34
The
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urrent amplitude I0 is hosen to orrespond to magnetization osillations of 15 degrees whih
appears to be readily experimentally aessible. In Fig. 8 the FMR resonane orresponds
to the dip in the absolute value of the impedane that should be easily detetable.
B. Eletrial detetion of magnetovibrational mode
The method desribed in the previous hapter an also be used for deteting the mag-
netovibrational modes. The ferromagnet F1 is extended forming a ferromagneti antilever
(Fig. 7). The magnetization m2 an have two diretions (bold and dashed lines in Fig. 7)
that are equally suitable for this purpose. In priniple, the diretion plotted by dashed line
an ause a onstant torsion of the antilever when a onstant urrent is sent through the
spin valve sine in this ase the spin-transfer torque is transferred to the mehanial torque
via the shape anisotropy. We onentrate here on the diretion of m2 indiated by the bold
arrow whih an be easier realized in experiment. When an AC urrent is sent through the
system the osillating torque auses osillations of the magnetization m1 as explained in the
previous setion. At resonane, we an observe the magnetovibrational mode as a splitting
of the dip in the absolute value of the impedane plotted in Fig. 9. The width of the dips
is a measure of the damping that is approximately half of the width in Fig. 8 for hosen
parameters, whih is onsistent with the results of Se 3.1 .
In a long antilever with a nite exhange stiness, the marospin magnetization motion
an be ompliated by spin waves. The eetive eld for the LLG Eq. (1) in the presene
of nonuniform magnetization reads
Heff = −DxMxx−DyMyy −DzMzz+ 2A
M2
s
▽2 M+H0 (39)
where A is the exhange stiness. The lowest-energy bulk spin wave mode is along the
antilever with the frequeny that an be found from the LLG equation written in Fourier
spae: −iω γ( 2AMsk2 + (Dy −Dz)Ms +H0)
−γ( 2A
M
s
k2 + (Dx −Dz)Ms +H0) −iω
mx/Ms
my/Ms
 = 0 (40)
where M = (m
x
x + m
y
y)ei(ωt+k·r) + M
s
z. The resonane frequeny is ωsw =
γ
√
( 2A
M
s
k2 + (Dx −Dz)Ms +H0)( 2AM
s
k2 + (Dy −Dz)Ms +H0). We estimate the dierene
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between frequenies of the marospin mode with k = 0 and the longest wavelength
mode with k = π/L. For a thin lm γ
√
4πM
s
2A
M
s
(π/L)2 ≈ 0.2 GHz, where we adopted
A = 2 × 10−11J/m, M
s
= 1.4 × 106A/m and L = 1 m. Sine we exite the mehanial
motion monohromatially by the AC urrents, it is suient then to have the mode split-
ting larger than the broadening. This shows that in priniple we an design the magneti
and mehanial subsystems to avoid bulk spin wave generation provided the mehanial
damping as well as the Gilbert damping are relatively small. Note that by applying an
antiferromagneti layer on top of the antilever we an strengthen exhange stiness thus
diminishing the possibility of spin waves even further.
It is also possible to inlude oupling of the mehanial motion to spin waves but this
regime will not be onsidered here.
V. LARGE MAGNETIZATION CONES AND MAGNETIZATION REVERSAL IN
THE PRESENCE OF COUPLING
In this setion, we extend the linearized magnetization motion to large angles relevant
e.g. for the magnetization reversal.
A. Resonant magnetization osillations and reversal
We onsider resonant osillations of the mehanial and magneti degrees of freedom.
We restrit ourself here to the ase when only one anisotropy diretion is present (e.g.
Dy = Dz = 0) whih is relevant for very thin ferromagneti lms with and easy plane
anisotropy when Dx ∼ 4π.
The oupling of Eqs. (1) and (17) is
∂ϕ
∂y
|y=L = 1Cγ
(
dM
y
dt
+ γM×H0|y
)
,
Heff = (DxMzϕ−DxMx)x +DxMxϕz+H0 ,
(41)
We rst address the maximal possible oupling strength of a system desribed by Eq. (41).
Consider the two subsystems osillating at a ommon frequeny ω. The total mehanial
energy is then Eme = ρILω
2ϕ20, where ϕ0 is the maximal angle of the torsional motion. By
equipartition this energy should be of the order of the magneti energy Emg = MsV H0.
The maximal angle would orrespond to the mehanial motion indued by full transfer
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of the magneti energy to the lattie. By equalizing those energies, we nd an estimate
for the maximal angle of torsion ϕ0 =
√
M
s
V H0/ (ρILω2). The oupling between the
subsystems an be measured by the distribution of an applied external torque (e.g. applied
by a magneti eld) over the two subsystems. The total angular momentum ow into the
magneti subsystem by the eetive magneti eld is (M
s
V/γ)ω, whereas that orresponding
to the mehanial subsystem at the same frequeny is (ρILωϕ0)ω. Their ratio is ϕ0ω/(γH0).
The maximum angle ϕ0 derived above is therefore also a measure of the oupling between the
magneti and mehanial subsystems. This estimate is onsistent with the oupling strength
of polariton modes at resonane of g = ϕ20ω
2/(γH0)
2 ≈ ϕ20DxMs/H0 in Eqs. (27,28) (in this
estimate we onsider the ase of not too strong external elds when ω ≈ γ√H0DxMs). An
estimate for a antilever with ρ = 2330 kg/m3 (Si) and d = 100 nm (ω ∼1 GHz) leads to
g = ϕ20DxMs/H0 ∼ (L/a)2(M2s /µ) ∼ 10−3. Inreasing (L/a) and Ms or dereasing Lame´
onstant µ is beneial for the oupling.
Magnetization reversal by a magneti eld in the oupling regime an be realized even
without any damping by transferring magneti energy into the mehanial system. Sine
we nd that ϕ0 ≪ 1 for realisti parameters, the subsystems undergo many prees-
sions/osillations before the swithing is ompleted. The swithing is then assoiated with
a slow time sale orresponding to the global motion governed by the oupling or a weak
damping relative to a fast time sale haraterized by the Larmor frequeny. The equation
of motion for the slow dynamis (the envelope funtions) an be derived by averaging over
the rapid osillations. To this end, we substitute LLG Eq. (19) and rst of Eqs. (41),
linearized in the small parameters α, β and ϕ0, into the equations for the mehanial and
the magneti energies:
d
dt
Eme = −2βEme + Cτ |x=L dϕdt |x=L,
d
dt
Emg = −H0M˙z +DxMxM˙x .
(42)
We fous in the following on the regime H0 ≪ DxMs, whih usually holds for thin lms and
not too strong elds, in whih the magnetization motion is elliptial with long axis in the
plane and small Mx even for larger preession ones. Disregarding terms ontaining higher
powers of Mx and averaging over one period as indiated by 〈...〉〈
dEme
dt
〉
+ 〈2βEme〉 = −V Dx 〈MzMxϕ˙〉 ,〈
dEmg
dt
〉
+ 〈αD2xMsM2x〉 = Dx
〈
MzM˙xϕ
〉
.
(43)
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By adiabati shaping of time-dependent magneti elds H0(t) we an keep the two sub-
systems at resonane at all times (H0(t) does not hange muh sine we do not onsider
large angle ones that are very lose to the antiparallel onguration). The slow dynamis
ϕ(L, t) ∼ A(t)ei(ω+pi/2)t andMx ∼W (t)eiωt in time domain is then governed by the equation:
A˙+ βA = −gωm/Ms(−1 + DxW 24M
s
H0
)W ,
W˙ + α′ωW = ωM
s
(−1 + DxW 2
4M
s
H0
)A ,
(44)
we introdued a frequeny ωm = γ
√
DxMsH0(t) that at t = 0 oinides with the frequeny of
fast osillations ω. Substitutions ϕ(L, t) ∼ A˜(t)eiωt and Mx ∼ W˜ (t)ei(ω−pi/2)t orresponding
to π/2-shifted harmonis are also solutions, and the initial onditions determine the linear
ombination of two envelope funtions, i.e. the beating pattern of two hybridized polariton
modes
9
. When initially all energy is stored in one degree of freedom, Mx is π/2 shifted from
ϕ(L, t) and A2(t) = 0. Eqs. (44) desribe a (damped) harmoni osillator with frequeny
√
gω¯mω ≪ ω when DxW/4 ≪ MH0 (sine ωm does not hange muh we replaed it by
averaged ω¯m). Suh osillatory behavior persists for general angles (exept for motion with
very large angle ones lose to the antiparallel onguration). This is illustrated by Fig. 10
whih shows a numerial simulation of Eq. (22) for an undamped system exited at t = 0
by a magneti eld H0 at an angle 2π/3 with the initial magnetization. The number of
periods neessary to transfer all energy from one subsystem to the other is therefore given
by ∼ 1/ (4√g). Eq. (44) also shows that for damping onstants α > ϕ0/π or β/ω > √g/π
the beating is suppressed.
Fig. 10 illustrates that the mehanial system absorbs energy from the magneti sub-
system and gives it bak repeatedly in terms of violent osillations that are modulated by
an envelope funtion on the time sale derived above in Eq. (44) as plotted by dotted line.
When the envelope funtion vanishes the magnetization is reversed and the systems seems to
be at rest. However, sine the energy is not dissipated, the momentarily silene is deeptive,
and the beating pattern repeats. An eient oupling requires that the frequenies of the
subsystems are lose to eah other at eah onguration, whih was ahieved in the simu-
lation by the adiabati modulation of the magneti eld H0 aording to Fig. 2. However,
the reversal proess is robust; an estimate from Eqs. (43) for the neessary proximity of the
resonant frequenies of the mehanial and the magneti subsystems is ∆ω ∼ √gω. In that
ase, the above estimates still hold.
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Let us now onsider the magnetization reversal by an antiparallel magneti eld H0(t)
that undergo slow hange of amplitude to keep the subsystems at resonane. This method
of magnetization reversal by osillating demagnetizing eld due to mehanial osillations is
strongly analogous to the reversal by time-dependent magneti elds.
25
However, in ontrast
to the time-dependent eld reversal, we vary the eld H0(t) but not the rf elds so avoiding
ompliated time dependene of rf elds.
25
We an alulate the dependene H0(t) in advane
for a spei sample, or we an reate feedbak iruit by onneting metalli ontats to
the magneti lm, thus monitoring the dynamis. Sine we assume zero temperature, the
dynamis in Fig. 11 is initiated by assuming a tiny angle of magnetization at t = 0. We
wish to illustrate here that making use of the magnetoelasti oupling an aelerate the
reversal importantly. We an suppress the bakow of mehanial energy for example by
a suiently damped mehanial subsystem, as evident in Fig. 6 by omparing the two
urves for β ∼ 0 and β ∼ 0.02 with vanishing Gilbert damping, α = 0. Alternatively, we
may detune the external magneti eld out of the resonane preisely after the rst reversal,
eetively retifying the energy ow from the magneti into the mehanial subsystem. We
observe that even without any intrinsi damping (α = β = 0) the unwanted ringing an
be strongly suppressed (dashed line in Fig. 6).
The experimental realization of suh magnetization reversal will be a hallenge sine the
antilever has to preferably work at high frequenies ∼ 1 GHz. In the resonant reversal, a
signiant oupling strength of g ∼ 10−3 requires that one tenths of the antilever volume
is a ferromagnet. We investigated here the non-linear dynamis of oupled magneti and
mehanial elds for a antilever with a ferromagneti tip. Employing the new dissipation
hannels, we propose new strategies for fast magnetization reversal and suppressed ringing.
We an make use of the additional mehanial damping or shape the external magneti eld
pulses, thus quikly hanneling-o magneti energy when damping is weak.
B. Non-resonant magnetization osillations and reversal
We propose a non-resonant mehanial reversal sheme analogous to preessional
swithing
13
. The eetive eld Heff (see Eq. (22)) has a omponent perpendiular to the
plane of the lm Hx ∼ Mϕ. Under a sudden mehanial twist this omponent ats like
a transverse magneti pulse about whih the preessing develops. Alternatively, we an
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suddenly release a twist preinstalled on the antilever. This ould be ahieved by an STM
tip bonded to an edge of the antilever at (L, d) and pulling it up slowly to the breaking
point. The mehanial response should be fast, i.e. reat on a time sale (γϕνM)−1, but
there are no resonane restritions now. We integrate the equation of motion numerially
for a strongly damped antilever β/ω ∼ 0.15 initially twisted by ϕ = 0.2 and suddenly
released at t = 0. We reintrodue an easy axis anisotropy desribed by DMzz. Adopt
D = 0.05, α = 0.01 and no external elds. Fig. 12 displays the desired reversal. The rather
severe overshoot, as in the ase of the preessional swithing tehnique, an be minimized by
arefully engineering the mehanial atuation to be loser to the optimum ballisti path
between Mz = ±1.
Summarizing, we demonstrate here a preessional reversal sheme based on the mehan-
ially generated out-of-plane demagnetizing eld without applied magneti elds. In this
reversal sheme, the sharp ontrol of the resonane ondition is not required, however, the
antilever has to be fast determining the reversal time.
VI. CONCLUSION
This paper reports a detailed study of magnetomehanial eets in small magneti an-
tilevers, summarizing some old results
9,10
and making several generalizations. We proved
that for small magnetization osillations lose to the mehanial resonane frequeny, a fer-
romagneti antilever behaves like the dieletri antilever with a small magnet at the tip
analyzed before. Suh a ferromagneti antilever has an enhaned oupling of mehanial and
magneti degrees of freedom and thus is more suitable for observation of magnetomehanial
eets. A metalli ferromagneti antilever an be integrated into magnetoeletroni iruits
as shown in Se. IV. Suh an integrated devie has the potential as a fast transduer of me-
hanial motion as an alternative to previous designs that take advantage of magnetomotive
fores. In our ase, the magnetomotive fores are supplanted by spin-transfer torques. Our
strategy; that is to say to avoid magneti elds, is similar to what happens in the eld of
random aess memories in whih there is a onsiderable eort to replae magneti elds
by employing spin-trasfer torques. The tehnique presented in this paper strongly relies on
resonant magnetovibrational oupling in whih the magneti torques an be eetively trans-
formed into mehanial torques and vie versa. In order to see magnetomehanial torques
20
in experiement, one needs to be able to handle small strutures on miro and nano sale, the
magnets have to be small enough to form a single domain. We beleive that the integration
of magnetoeletronis and magnetomehanis is possible and should lead to devies with
new funtionalities.
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Figure 1: A magnetomehanial antilever supporting magneto-vibrational modes. On a dieletri
substrate (suh as Si) a single-domain ferromagneti lm is deposited at the free end.
Figure 2: Dependene of FMR broadening on aspet ratio m = a/c for ellipsoid with the semi-axes
a and b = c (H0 = Ms).
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